In the framework of the statistical models, we calculated different particle ratios in the energy range 3.5 < √ s N N ≤ 200 GeV. Assuming that the particle production takes place along the freeze-out curve, we studied the sharp peak in the K + /π + ratio observed at SPS energy. Allowing γ i , the phase space occupancy parameters of light and strange quarks, to take values other than that of equilibrium, we got a very well description for the K + /π + ratio at all incident energies. Using the same parameter set, we analyzed the K − /π − , Λ/π + and Λ/ < π > ratios. We find within the statistical acceptance that the different peaks are located at one value of energy, √ s N N (c) ≃ 7.5 GeV.
Introduction
The statistical models have been successfully used to describe the particle production in different heavy-ion collisions. Studying the ratios of particle yields [1, 2] is of great interest, not only to determine the freeze-out parameters, T ch and µ B , but also to remove the dependence of the freeze-out surface on the initial conditions. On the other hand, serious challenges rise when trying to bring together results from different experiments, like the dependence of T ch on µ B from different heavy-ion collisions. Although each set of T ch -µ B originally has been calculated by statistical models through combining various particle ratios comparable with the experimental results, it is still debated on the models that are trying to bring order to T ch vs. µ B [3, 4, 5, 6, 7, 8] . The K + /π + ratio represents another challenge to the statistical models. The prediction of a sharp peak in the K + /π + ratio at the SPS energy [9, 10] was contrary to the calculations based on the statistical models [11, 12] . The statistical models merely expect a mild maximum. There are many attempts to interprete this phenomenon [13, 14] .
In this letter, we assume that the particle production takes place along the freeze-out curve, which is characterized by s/T 3 = 7, where s is the entropy density. The experimental results on K + /π + ratio at different collision energies will be fitted by allowing γ i , the quark phase space occupancy parameters, to take values other the unity, the equilibrium value. Using the resulting parameters, we independently calculate other particle ratios. We find that the peak observed in K + /π + is not unique as one thought [9, 10] . Its height and sharpness are obviously greater than that of K − /π − , Λ/π + and Λ/ < π > ratios with < π >= 1.5(π + + π − ). Another worthwhile finding is that all peaks are located at almost one collision energy. This might be an indication for a certain critical phenomenon, that takes place at this value of energy. In the contrary to the the statistical models with γ i = 1, our calculations with variable γ i result in an excellent agreement with the particle yield ratios measured so far in the whole energy range from AGS to RHIC. For non-equilibrium freeze-out, we find that the entropy per particle s/n which measures the averaged phase space density [15, 16, 17, 18, 19] has a maximum value located at the same collision energy as that of the particle ratio peaks. This might be interpreted as a manifestation of the QCD critical endpoint, which connects the first-order phase transition with the cross-over. Our estimation for s/n in RHIC collisions is qualitatively consistent with the results given in [17, 20 ].
The model
The pressure in the hadronic phase is given by the contributions of all hadron resonances treated as a free gas [21, 22, 23, 24] . At finite temperature T , baryo-chemical µ B , strangeness chemical µ S and iso-spin chemical potential µ I 3 the pressure reads
where ε(k) = (k 2 + m 2 ) 1/2 is the single-particle energy and ± stands for bosons and fermions, respectively. g is the spin-isospin degeneracy factor. γ is the quark phase space occupancy parameter. The particle number is given by the derivative of the pressure with respect to the chemical potential. The quark chemistry is given by relating the chemical potentials and γ to the quark constituents. γ ≡ γ n q γ m s with n and m being the number of light and strange quarks, respectively. µ B = 3µ q and µ S = µ q − µ s , with q and s are the light and strange quark quantum number, respectively. The baryochemical potential for the light quarks is µ q = (µ u + µ d )/2. µ S is calculated as a function of T and µ B under the condition of strangeness conservation. The iso-spin chemical potential
In carrying out our calculations, we use full grand-canonical statistical set of the thermodynamic parameters. Corrections due to van der Waals repulsive interactions has not been taken into account in our calculations [24] . Although we do not use the Boltzmann approximation, we can easily discuss the parameter affecting the particle ratios by assuming this limit. For finite iso-spin fugacity λ I 3 we get
The particle number at zero chemical potential, n j (T ) ≃ T m 2 j K 2 (m j /T ), represents the proportional factor in the previous expressions. n j (T ) is a smooth function of T . The fugacity factors λ are also smooth functions of T . Correspondingly a monotonic increase in the particle ratios is expected with increasing collision energy.
In Fig. 1 , we depict the results on some particle ratios with γ i = 1. No horn or sharp peak is observed. But allowing γ i to take values other than the unity, which characterizes the chemical equilibrium, makes possible to relate γ i to the collision energy in order to reproduce the sharp peak in K + /π + , Eq. (2), for instance. Based on our calculations a quasi-peak has been obtained in γ s . The values of γ q and γ s are nearly always greater than one indicating an oversaturation. To be concrete, we mention that the γ q /γ s ratio first increases up to the collision energy at which the sharp peak of the K + /π + ratio has been observed. Then it sharply decreases. For higher energies, it smoothly increases, indicating that the mechanism responsible for the particle production remains unchanged. In calculating the other particle ratios, we use the same parameter set. For K − /π − ratio, the main role is played by the ratio γ s /γ q , Eq. (3), multiplied by λ s /λ q . For Λ/π + ratio, the occupancy parameters γ 2 q γ s , Eq. (4), are responsible for the amazing agreement between our theoretical expectations and experimental observations.
Results
In Fig. 1 [14, 26] . The same behavior is seen in the K − /π − ratio (20% overestimation at √ s N N = 130 GeV). The overestimation here starts up earlier (at lower collision energy) than for the K + /π + ratio. For baryons as strangeness carriers, we expectingly find a decreasing population of strange quarks with increasing collision energy. For Λ/π + , there are underpredictions in two energy regions. The first one is at SPS. This in turn indicates to a peak corresponding to that of the K + /π + ratio. The second one is at RHIC (25% underestimation at √ s N N = 130 GeV). The same behavior is to be observed in the Λ/ < π > ratio. We summerize these results as the follow- 1 For instance, at √ s N N = 130 GeV, there is an overestimation of 20%. On the other hand, this fact might contradicts the expectations given in Ref. [25] . The value of K + /π + ratio can be indirectly calculated from the results given in [25] . Accordingly, we find that K + /π + ≃ 0.163. But we have to mention here, that these particle ratios which we used in this estimation have been obtained in the context of finding the freeze-out parameters, T ch and µ B .
ing. The potential maxima do not all occur at the same beam energy and therefore, it has been concluded that the case for a phase transition is not very strong [14] . Furthermore, we conclude that the particle ratios calculated by statistical models with γ q = γ s = 1, at least that we are interested in here, disagree with the experimental results, especially at the RHIC energies. In Fig. 2 , we depict the results with variable γ s but constant γ q . We assign γ q to one, i.e. we assume that at the chemical freeze-out the strangeness is out of equilibrium [13, 27, 28] . Fitting the K + /π + ratio, we find that γ s always smaller than one indicating strangeness undersaturation. We will leave open the discussion on the physical interpretation that the strangeness quantum number is out of equilibrium, meanwhile the light quark quantum numbers are in equilibrium. One the other hand, we find that the statistical models with variable γ s and γ q = 1, underestimate the particle ratios.
In Fig. 3 , we draw our results with varying γ i . In estimating the γ i -values, we fit the experimental results on the K + /π + ratio. γ q is given as an input depending on T [13, 29] and correspondingly on √ s N N . We assumed that Fig. 2 : The K + /π + , K − /π − , Λ/π + and Λ/ < π > ratios. γ q is assigned to one, meanwhile γ s is a free parameter. Although the K + /π + ratio has been successfully fitted, the calculation of the other particle ratios underestimates the experimental results.
the particle production takes place along the freeze-out curve, at which we calculate the temperature, T ch (µ B ), according to s/T 3 = 7. s here stands for the entropy density. In other words, we fix all thermodynamic parameters but the γ i . It is interesting to look at the overall agreement between our predictions and all experimental particle ratios. Here we independently used the parameter sets which we have obtained by fitting the K + /π + ratio. Although the K − /π − ratio grows with the collision energy, we notice a weak slope within the energy region 7 < √ s N N < 12 GeV. The same behavior can be seen in the experimental data as well. While, our calculations on this particle ratio still lie above the SPS results, the agreement with AGS and RHIC results is excellent. We amazingly notice that the K − /π − ratio is not sensitive to the change in the light quark occupancy parameter from γ q = 1 as in Fig. 2 to the non-equilibrium values as in Fig. 3 . The worthwhile finding here is that although the heights of the peaks are different, all peaks are located at one value of collision energy, √ s N N (c) ≃ 7.5 GeV. This energy value is corresponding to baryo-chemical potential of µ B ≃ 0.43 GeV [14] . Another conclusion we can make so far is that non-equilibrium process in both light and strange quark numbers seems to be responsible for the particle yields [30] . Fig. 3 : The K + /π + , K − /π − , Λ/π + and Λ/ < π > ratios at energies ranging from 3.5 to 200 GeV. The experimental data for K + /π + has been fitted by varying γ b and γ s . The other particle ratios have been calculated by applying the same parameter set.
In the following, we go one step farther in clarifying the physical reason behind these results. The behavior of the single-particle entropy in dependence on the collision energy which is related to the averaged phase space density gives a tool probing the critical phenomenon. In the Boltzmann limit, we get
where m the effective mass. T and µ are estimated at the chemical freeze-out. They depend on the collision energy √ s N N .
The results on the single-particle entropy s/n vs. √ s N N are depicted in Fig. (4) . For γ q = γ s = 1, we find for AGS and low SPS ( √ s N N ≤ 10 GeV) that s/n is an increasing function. As in Fig. (1) , the mild maxima in the K + /π + ratio is located at the same value of √ s N N . For higher collision energy, s/n almost remains constant indicating a strong compensation of the collision energy. For the non-equilibrium case, i.e. variable γ q and γ s , we find almost the same behavior up to √ s N N ≃ 6.5 GeV. For the rest of SPS energies, s/n rapidly decreases. In the RHIC collisions, the entropy per particle decreases very slow with increasing collision energies. The different slope of s/n evidently indicates to different kinds of transitions. The singularity at √ s N N (c) ≃ 6.5 GeV probably refers to the QCD critical endpoint, which connects the first-order phase transition at low √ s N N with the second-order phase transition or rapid cross-over at high √ s N N . As we have shown above, the peaks of the particle ratios are also located at the same value of √ s N N (c) . This implies that the peaks are due to fluctuations at the QCD critical endpoint [31, 32, 33, 34, 35] . Therefore, fluctuations can accordingly be expected in all particle yields. Studying the ratios of particle yields with different constituents of light and strange quarks evidently magnifies this behavior.
Summary and discussion
We have studied ratios of some particle yields in dependence on the collision energies from 3 to 200 GeV. We have assumed that the particle production takes place over the freeze-out curve. Fixing all thermodynamic parameters but the quark occupancy parameters, we fitted the K + /π + ratio. Using the resulting set of parameters, we made predictions for other particle ratios. We found that the agreement overall energies is excellent. within the statistical acceptance, we also found that all peaks are located at almost one value of collision energy.
Different models have been suggested to interprete the maximum observed in some particle ratios. Besides the statistical model at early stage [9, 10] there are two additional suggestions. The first one relates the peak to a transition from baryon-rich to meson-rich hadronic matter [14] . The peak separates, according to the second suggestion, a high entropy phase from a low entropy phase [13] .
The γ q and γ s play the ace in reproducing the particle ratios at all incident energies. This implies that the particle production is due to non-equilibrium process in both light and strange quarks. Assuming equilibrium in only one of these quantum numbers is not able to produce all particle ratios. occupancy parameters γ q and γ s there is a singularity in s/n ratio. It is important to notice that the singularity is located at almost the same collision energy as that of the peaks of particle ratios. This might be an indication that the sharp peaks are due to the QCD critical endpoint.
As shown in Fig. (4) , we find that the shark peaks of particle ratios are associated with maximum entropy per particle. We conclude that the critical endpoint, at which the line of first-order phase transition ends up and the region of second-order or rapid cross-over sets on is responsible for the sharp peaks. For the lattice calculations on the critical endpoint we refer to [36, 37] . We have to mention here, that the lattice calculations exclusively assume equilibrium γ q and γ s .
